Water shortage is an ongoing cardinal issue in the Middle East region. Wastewater reuse offers some remediation, but to-date many rural communities in the Palestinian Authority (PA) and in Jordan are not connected to centralized wastewater treatment plants (WWTPs), many of them are disposing of their wastewater using infiltration septic tanks. This highlights the need for a small, local, low cost WWTP that can directly benefit local communities, producing effluents suitable for unrestricted irrigation. Constructed wetlands (CWs) could offer a solution as they are relatively easy and cheap to construct and maintain, and effective in removal of many pollutants. Nevertheless, pathogen removal in CWs is often not adequate, calling for additional disinfection. Here we describe the use of low-cost, consumer level, UV based disinfection systems coupled to CWs for wastewater treatment in three CWs: in Israel, Jordan and in the PA. Once mature, our adapted CWs reduced chemical oxygen demand (COD) load, and, given proper use of the UV systems, inactivated indicator bacteria (faecal and E. coli) to levels suitable for irrigation, even when UV transmission (UVT) levels were low (∼40%). Our results demonstrate the promise in this combined treatment technique for cheap and simple wastewater treatment suitable for the Middle East region.
INTRODUCTION
Water scarcity is a chronic problem in the Middle East region. This situation is due not only to low precipitation (averages: Israel, 435 mm/year; Palestinian Authority (PA), 300 mm/year; Jordan, 94 mm/year) (Raddad ; Nortcliff et al. ; Aquastat) but also due to high population growth, rise in standard of living and the development of the water distribution systems, especially in the PA (Gvirtzman ), all causing an increase in freshwater use. Wastewater treatment and reuse is a well-established practice in Israel. To date, Israel treats more than 80% of wastewater and reuses 64% of effluent, mostly for agriculture irrigations, covering 23% of its agricultural water needs (Aquastat; World Bank report ). In Jordan, although major efforts are made toward wastewater reuse, as of the year 2000, only 13% of the water used in the agricultural sector was reclaimed wastewater (Nortcliff et al. ) , a gloomy situation given that Jordanian agriculture uses 68% of the country's water consumption (Jordanian Ministry of Water and Irrigation ). In the PA the situation is even worse with less than 6% of the population being connected with wastewater treatment plants (WWTPs) (Zimmo & Imseih ) while 45% of the country's water resources are used for agriculture (Aquastat). Facilitating wastewater treatment and reuse in Jordan and the PA is complicated by the high cost of establishing, and the complexity of maintaining, central wastewater treatment facilities as well as the need for long distance transportation of wastewater and effluent due to the large percentage of rural communities of the population in these regions (PA, 25.8%; Jordan, 21.5%; Aquastat). All this manifests the need for decentralized wastewater treatment facilities.
Constructed wetlands (CWs) prevail as low-cost and low-maintenance wastewater treatment solutions for small communities around the world (UrbancBercic & Bulc ; Kadlec et al. ; Vymazal et al. ; Puigagut et al. ; Vymazal ), especially in developing countries. CWs require low investment and operation costs, produce high quality effluent with low dissipation of energy, and are simple to operate. Nevertheless, the use of CW in the Middle East region is rather limited. Furthermore, although CWs have been shown effective in reducing organic loads, as evidenced by lower chemical oxygen demand (COD), their effectiveness in pathogenic microorganisms removal varies (Green et al. ) . For example, Falabi et al. () reported only 57% reduction in total coliforms and 62% reduction in faecal coliforms (FC) from a duckweed-based wetland system. The authors also observed 98% reduction of Giardia, 87% in Cryptosporidium, and 38% in coliphage by the same system. A multi-species wetland system (bulrush, cattail, black willow, and cottonwood) showed better results in reducing total and FC by 98 and 93%, respectively (Karpiscak et al. ) . Giardia and Cryptosporidium were reduced by an average of 73 and 58%, respectively, and enteric viruses by 98%. Comparison of three pilot-scale CWs (horizontalsubsurface flow, surface flow, and free water surface flow) showed 94% removal of FC bacteria (Tunçsiper ) . Removal of indicator bacteria, coliphages, protozoan parasites and enteric viruses was also demonstrated, with overall more than 90% removal of all microorganisms studied (Quinonez-Diaz et al. ). Nevertheless, in all those cases, effluents did not meet the 10 cfu/100 mL standards for unlimited irrigation. Thus, an additional disinfection stage is needed to assure the bacteriological safety of the effluents (Verlicchi et al. , ) . This is usually done by chlorination (or similar oxidative chemicals), but these processes are complex and many times accompanied by reported environmental hazards caused by the formation of toxic/carcinogenic by-products (e.g. chloro-organic compounds) (Sun et al. ; Zhang et al. ) , suggesting a search for a safer disinfection method is in place. UV disinfection is well established for effluent treatment in large WWTPs (Nasser et al. ) , but its use with CW effluent is much less established (Richter & Weaver ) . Here we demonstrate the use of combined CW system and cheap, consumer level, UV disinfection systems to treat wastewater effluents, making it suitable for unrestricted irrigation.
METHODS

Constructed wetlands
Three subsurface CW systems (SSCW, summarized in Table 1 ) were evaluated: one in Tivon, Israel; one in the village of Til near Nablus, PA; and one in Madaba, Jordan. Each CW was connected to a consumer grade UV disinfection system as follows.
Tivon (Israel) CW
The Tivon CW was established 5 years ago. It is used to treat single household wastewater, about 800 L/d. Retention time was 2-3 d (Table 1 ). The water passes through the bed by gravity through a settling tank and then through a series of two subsurface ponds lined and filled with gravel. High densities of plants are growing in the gravel including Cyperus papyrus, Pontederia sp. and Canna sp. After the treatment, the water is collected in a small reservoir from which it is pumped in a Sterilight SSM-37 UV (Sterilight, CA, USA) system. Water samples were collected at the settling tank, at the reservoir, and at the exit of the UV system using composite sampling through 30 minutes.
Til (PA) CW
The Til CW had been operational for 2 months when the study started. The CW was established to treat household wastewater (black and grey), total about 160 L/d. Retention time was 2-2.5 d (Table 1 ). The system is composed of a two-compartment settling tank and an equalization tank serving as the primary treatment stage. Settled sludge is disposed of manually through valves installed at the bottom of the tanks. The CW dig was sealed by a non-permeable liner and filled with well-washed size 5 construction gravel (i.e. passes through a 25 mm sieve). Distribution and collection of wastewater is done by 50 mm plastic perforated pipes located near the top of the wetland surface on the entrance side and near the bottom of the wetland on the exit side. Three vertical perforated pipes were installed in the wetland to allow for ventilation. Common reed (Phragmites australis) plants were planted sporadically in the wetland basin. CW effluent passed through a Sterilight Copper SC-2.5/2 UV disinfection system by gravity. Water samples were collected at the outlet of the equalization tank, at the outlet of the CW, and at the exit of the UV system line, using composite sampling through 30 minutes.
Madaba (Jordan) CW
The Madaba CW was operational for 2 years before instalment of the UV system. It is used to treat household grey water, about 150 L/d with average retention time of ∼2 d ( Table 1 ). The CW is composed of a manhole used as a settling tank; fat and grease separation phase using a 150 L barrel (shifting upper oily layer to the black water system); and a SSCW. The SSCW was lined with 800 micron high-density polyethylene and filled with mediumsize volcanic tuff. Due to the grey water quantity limitation, no plants were planted but a small air compressor was used to supply oxygen at the entrance of the wetland bed. A barrel was used to collect the effluent and inside this barrel a submerged pump was fixed, with the pumping process automatically engaged when the water level rose. The pump circulated the water from the barrel through a Sterilight Copper SC-2.5/2 UV disinfection system. Raw grey water samples and water samples at the exit of the UV system were collected weekly (11 samples total) as grab samples.
Sampling and analyses
Water samples were collected as described above and stored at 4 W C until analysis. COD and bacterial counts (FC and E.
coli) were performed using Standard Methods (APHA ). Percent UV transmission (%UVT) was measured with a bench-top spectrophotometer and a 1-cm quartz cuvette. Sterile phosphate buffered saline was used for dilution of CW water as needed for microbial assays.
Collimated beam testing
A monochromatic low pressure mercury lamp emitting at 254 nm was used to perform collimated beam testing (all according to Bolton & Linden ) . Water samples were irradiated in 150 mL batches under completely stirred conditions. Irradiance was measured with a calibrated International Light IL1400 radiometer. Average irradiance was 0.03 mW/cm 2 with a sample depth of 2.2 cm and a distance of 18 cm from the lamp aperture to the top of the sample. The Petri factor was measured to be 0.91. Water samples were collected and exposed to UV radiation on the same day. All irradiated samples were covered with aluminium foil immediately after irradiation and prior to filtration to avoid photoreactivation. All experiments were done in six replicates.
Microbial methods
In all cases water samples were filtered through gridded sterile cellulose nitrate 0.45 μm membrane filters (Sartorius 11406-47). The membrane filter was placed on M-FC agar (Acumedia 7397A) enriched with 0.01% rosolic acid, grid side up, and the Petri dishes were covered and incubated for 24 h at 44 W C. FCs colonies were recognized as blue colonies on the red M-FC agar. To identify E. coli, the above membranes were moved to Nutrient Agar (Acumedia 7145A) enriched with 0.01 g/L of MAG 4-methylumbelliferyl-beta-D-glucuronic acid, and incubated for 4 h at 37 W C. E. coli colonies were identified as blue fluorescing colonies under ultraviolet light.
RESULTS AND DISCUSSION
Removal of organic contaminants by CW systems
All systems tested were effective in removal of organic contaminants as evidenced by the drop in COD values, with removal efficiency ranging from 68 to 88% (Tivon, average 78%), 74 to 86% (Til, average 79%) and 19 to 99% (Madaba, average 75%). The results are presented in Figures 1 and 2 . Our CW systems handled well both high and medium COD loads (Figure 1 ) with similar effectiveness percentage wise (Figure 2) . Interestingly, although the Madaba system contained no plants, it demonstrated similar removal efficiency to the other two CWs, although the ratio between influent and effluent fluctuated noticeably more than the other two systems, maybe due to the lack of plants or due to the large fluctuation in the influent COD values. From the regulatory point of view, much of the Tivon effluents was acceptable for unrestricted irrigation given the current Israeli regulation (Inbar committee recommendations; COD < 100 mg/L), as was the case for all of the Madaba system effluent (Jordanian standard #893/ 2002; COD < 500 mg/L for irrigation of field crops, fruit trees, and forest trees). The Til effluent COD was higher than allowed by current PA regulations (COD < 150 mg/L).
Removal of indicator bacteria -collimated beam experiments
The effect of UV radiation on bacterial counts in the Tivon CW effluent water was tested using collimated beam and flow-through systems. The results of the collimated beam experiments are presented in Figure 3 . The results show clearly that in this effluent UV dose at or above 10 mJ/cm 2 is enough to result in full inactivation of FC and E. coli. Removal of indicator bacteria -combined CWs and flow-through UV systems
Average bacterial counts for the influent and effluent of the different systems are presented in Table 2 . Bacterial removal efficiencies by the CWs alone were generally good with FC log removal ranging from 2 (Tivon) to 1.5 (Til); nevertheless, the effluent quality was not satisfactory for unrestricted irrigation, due to the high effluent bacteria counts (Table 2) . Combining a UV system with the CW improved results dramatically with most counts at zero for both FC and E. coli for the Tivon and the Til systems, even though the % UVT 254 values of the water were quite low at ∼40% ( Table 2 ). The Madaba combined system was less effective, probably due to the high flow rate (468 L/h), and hence the lower UV dosage through the system. The importance of the %UVT is further demonstrated in Figure 4 , where the relation between disinfection and %UVT can be seen clearly. Note that these impressive results were obtained with 'off-theshelf' units that were not designed for this particular application. With proper sizing based on %UVT and flow rate, the consistency of the UV disinfection performance to achieve a given target microbial quality effluent can be assured.
Conclusions
Treated wastewater reclamation could be very helpful in relieving some of the water scarcity in the Middle East region; however, the cost, the need for highly trained personnel, and the high percentage of rural population make the use of centralized wastewater treatment facilities unpractical. The use of decentralized treatment facilities, such as CWs, could facilitate the reuse of such water if the microbial quality of the effluent could be made to meet the required standards. Here we have demonstrated that SSCWs, treating Table 2 | %UVTs and Bacteria removal efficiency in the different combined CW-UV systems. Numbers in italics represent values which meet the regulations for water suitable for unrestricted irrigation (Israel, <10 E. coli, cfu/100 mL; PA < 1,000 E. coli, cfu/100 mL) Jordan The Jordanian regulations are based on the MPN counting methods while here E. coli was counted as CFUs for easier data comparison. In order to check for regulation compliance, the data were converted according to Cho et al. (2010) and Gronewold & Wolpert (2008) . different wastewater (Israel and PA, black wastewater; Jordan grey wastewater) with widely fluctuating inlet COD, could efficiently reduce COD load (i.e. !70%; Figures 1 and 2 ). The combining of the above SSCW with low-cost off-the-shelf UV disinfection systems allows us to obtain effluent of microbial quality suitable for irrigation, for at least several months, even when UVT% was as low as 40%. Here flow rate is likely to be a critical issue, as the UV dose 'seen' by the bacteria is a result of %UVT, UV lamp intensity, and residence time, the last controlled by flow rate. Accordingly, the Tivon and the Til systems, both used at a low flow rate relative to the UV system specifications (Table 1) , showed very high efficiency in removing bacteria, while the Madaba system used at a flow rate near the UV system specifications (Table 1) showed much lower efficiency. Using a proper UV system, taking into account realistic %UVT and flow rate of the CW effluent, we believe consistency of the UV disinfection process can be achieved. In summary, our results suggest that combined SSCW-UV systems, if constructed properly, could offer a valid solution for simple, local, low maintenance wastewater reuse. Table 2 .)
